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FLIGHT TEST AND ANALYSIS OF THE ROLLING MOTIONS 

OF A 79' CLIPPED DELTA CONFIGURATION WITH 

WING-TIP FINS AT SUPERSONIC SPEEDS 

By James L. Raper 

SUMMARY 

A f ree- f l igh t  invest igat ion w a s  conducted t o  determine the  aerodynamic char- 
a c t e r i s t i c s  and motions of a rocket-boosted model of a simplified hypersonic 
g l ide r  configuration with wing-tip f i n s  and a blunt base through a Mach number 
range extending up t o  4.4.  The model w a s  s t a t i c a l l y  and dynamically s tab le  at 
small angles of a t tack and experienced coupled motions when pitched t o  an angle 
of a t tack of about 12O. The addition of t he  wing-tip f i n s  resul ted i n  no improve- 
ment of t h e  vehicle motions compared with the  same vehicle with no f in s .  

I n  general, t h e  coupled motions experienced by t h e  model were simulated by 
t h e  use of the  equations of motion f o r  f i v e  degrees of freedom. The analog study 

angle of a t tack w a s  a s ign i f icant  cross-coupling der ivat ive f o r  t he  configuration 
studied and should be considered f o r  f l i g h t  prediction of t he  motions f o r  config- 
urat ions which a re  highly swept and have t h e  m a s s  concentrated along t h e  longitu- 
d ina l  axis .  
of equations yielded r e su l t s  t h a t  compared s a t i s f a c t o r i l y  with the  f l i g h t  records 
of ro l l i ng  veloci ty  and yielded a ro l l i ng  veloci ty  parameter which affected the  
type of ro l l i ng  motion experienced. 

, showed t h a t  t h e  r a t e  of change of effective-dihedral der ivat ive with change i n  
I 

An ana ly t ica l  solut ion f o r  a simplified three-degree-of-freedom s e t  

~ 

The appendix presents t he  ana ly t ica l  solution. 

INTRODUCTION I 

, 
The current i n t e r e s t  i n  highly swept, d e l t a  wing configurations f o r  high- 

speed reentry and manned o r b i t a l  f l i g h t  has prompted a f ree- f l igh t  invest igat ion 
t o  determine the  aerodynamic charac te r i s t ics  and dynamic behavior of several  
research models with these general charac te r i s t ics .  Reference 1 presents t he  
r e s u l t s  of one such t e s t  and shows t h a t  t h e  model angular ve loc i t ies  became la rge  
and e r r a t i c  following a disturbance. The ro l l i ng  ve loc i t ies  were of par t icu lar  
in te res t ,  with periodic pos i t ive  and negative values along with short-period 
sinusoidal-l ike peak-magnitude var ia t ions of 35 radians per  second being exper- 
ienced. Electronic analog motion simulation showed t h a t  t h e  primary reason f o r  



t h i s  behavior w a s  t he  concentration of mass along the  axis  of symmetry, t he  low 
r o l l  i ne r t i a ,  and the  la rge  increase i n  ro l l i ng  moment due t o  s ides l ip  with 
increasing angle of attack. 

The object of t h i s  invest igat ion i s  t o  present t he  dynamic behavior of a 
d e l t a  w i n g  configuration which i s  the  same as  t h a t  of reference 1, except f o r  t he  
addi t ion of wing-tip f i n s  which were added with the  idea of increasing d i rec t iona l  
s t a b i l i t y ,  of reducing coupling forces, and hence, it w a s  thought, of decreasing 
t h e  roll r a t e s  and accelerations.  

The model w a s  f l i g h t  t e s t ed  a t  t h e  NASA Wallops Stat ion over a Mach number 
range from 4.4 t o  approximately 1.5 with corresponding Reynolds numbers, based 
on wing mean aerodynamic chord, of 42.5 x 106 and 0.7 x 106. 
used t o  dis turb t h e  model i n  p i tch  t o  an angle of a t tack of about 12O, and a 
10-channel telemeter w a s  used t o  transmit continuous acceleration and pressure 
data t o  ground receiving s ta t ions .  

Pulse rockets were 

Aerodynamic coeff ic ients  based on accelerations of t h e  center of  gravi ty  a re  
presented. With the  use of five-degree-of-freedom equations of motion, an analysis 
of t h e  ro l l i ng  motions w a s  made by comparing t h e  f ree- f l igh t  da ta  with analog runs 
f o r  s i m i l a r  a l t i t u d e  and aerodynamic-coefficient conditions. I n  addition, an 
ana ly t ica l  solut ion of a simplified s e t  of three-degree-of-freedom equations of 
motion were used t o  predict  ro l l i ng  motions. 

SYMBOLS 
0 

The basic  data i n  t h i s  report  are  presented with respect t o  an axis  system 
originat ing a t  t he  54.3-percent s t a t i o n  on t h e  longitudinal ax is  of t h e  rocket 
model. (See f i g .  1.) 

aLJ cg 

aL , H i  

aL, Lo 

aNJ cg 

aN, n 

%J t 

3 

2 

longitudinal accelerometer reading referenced t o  center of gravity, 
g un i t s  

high-range longi tudinal  accelerometer reading, pos i t ive  i n  pos i t ive  
x-direction, g un i t s  

low-range longitudinal accelerometer reading, pos i t ive  i n  pos i t ive  
x-direction, g un i t s  

normal accelerometer reading referenced t o  center of gravity, g un i t s  

normal accelerometer reading at nose location, pos i t ive  i n  negative 
z-direction, g u n i t s  

normal accelerometer reading at t a i l  location, pos i t ive  i n  negative 
z-direction, g u n i t s  

l a t e r a l  accelerometer reading, pos i t ive  i n  posi t ive y-direction, g un i t s  



lateral  accelerometer reading referenced t o  center of gravity,  g uni t s  

b wing span, 1.77 f t  

Drag 
%S 

drag coefficient,  

l r l l  I, l i f t  coefficient,  CL = CN cos a, - 
qms 

aCL l i f t - coe f f i c i en t  derivative,  -, per  r a d i a n  
C L a  aa 

Rolling moment 
rolling-moment coeff ic ient ,  

%Sb c 2  

ac, 
damping-in-roll derivative,  A , per  radian 2P C 

r a t e  of change of rolling-moment coeff ic ient  with change i n  yawing 
ac 7 

angular veloci ty  factor ,  2, per  radian 

a(%) 
eff ective-dihedral derivative,  ac2 per  radian 

2P 
C 

1 
r a t e  of change of effective-dihedral. der ivat ive with change i n  angle 

ac 
of attack, 2, per  square radian ' 

P i t  chfng moment pitching-moment coeff ic ient ,  
Cm S S E  

I Cm, r a t e  of change of pitchin$-moment coeff ic ient  with pi tching angular 

acln 
az s t a t i c  s t a b i l i t y  derivative,  -, per  radian 

I Cm. rate of change of pitching-moment coeff ic ient  with rate of change of 

3 



r a t e  of change of p i t ch i  cmB g-moment coeff ic ient  w i t h  ngle f idesl ip ,  

s, per  radian 

Normal force normal-force coefficient,  
%os CN 

normal-force-coefficient derivative,  9, per  radian 
c N a  aa 
Cn 

Yawing moment yawing-moment coeff ic ient ,  
%Sb 

r a t e  of change of yawing-moment coeff ic ient  with ro l l i ng  angular cnP 
veloci ty  parameter, 

r a t e  of change of yawing-moment coeff ic ient  with yawing angular C nr  

veloci ty  parameter, & per radian 

acn d i r ec t iona l - s t ab i l i t y  derivative,  -, per  radian 
CnB a P  

Cn - 
B 

r a t e  of change of yawing-moment coeff ic ient  with rate of change of 

angle-of-sideslip parameter, 

2v 

CX 
Axial force axial-force coefficient,  pos i t ive  i n  pos i t ive  x-direction, 

%as 

CY 
Lateral  force la te ra l - force  coeff ic ient ,  

qws 
rate of change of side-force coeff ic ient  with angular veloci ty  f ac to r  ‘Yr 

i n  yaw, 3 per  radian 

3CY la teral-force-coeff ic ient  derivative,  -, per  radian 
cyP 3r3 
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wing mean aerodynamic chord, 3.83 f t  

incomplete and complete e l l i p t i c  functions of f irst  kind 

acceleration due t o  gravity, 32.2 f t / sec2  

model a l t i tude ,  f t  

mass moment of i n e r t i a  i n  roll, ( s lugs ) (  sq f t )  

mass moment of i n e r t i a  i n  pitch,  ( s lugs) (sq  f t )  

mass moment of i n e r t i a  i n  yaw, ( s lugs ) ( sq  f t )  

c r i t i c a l  ro l l - r a t e  parameter (eqs. (A14) and ( A 2 3 ) )  

reference length, f t  

Mach number 

model reference mass. W/w. s l u m  

ro l l i ng  angular velocity, radians/sec 

base pressure, lb/sq in .  

t o t a l  pressure, measured a t  nose stagnation point, lb/sq in .  

free-stream pressure, lb / sq  in .  

free-stream dynamic pressure, - PV2 lb/sq f t  
2 ’  I 

PV 2 Reynolds number, based on wing mean aerodynamic chord (3.83 f t ) ,  - P 

yawing angular velocity, radians/sec 

wing reference area, 5.87 sq  f t  

time, sec 

velocity,  f t / s ec  

model weight, lb 

f ixed bodv-axis system 

distances measured along t h e  X-, Y-, and Z-axes I 



a angle of attack, radians 

P angle of s idesl ip ,  radians 

7 f l ight-path angle referenced t o  l o c a l  horizontal ,  deg 

P free-stream coeff ic ient  of viscosity,  lb-sec/sq f t  

P f ree-stream density, slugs/cu f t  

oo = j/o.o2+p,2 
9 angle of roll, radians 

+ = s in- l (k  s i n  16) 

max maximum value 

A dot ( ' )  over a symbol denotes a f i rs t  der ivat ive with respect t o  time, and 
double dots  (") over a symbol denote a second der ivat ive with respect t o  time. 
A bar  ( - 1  indicates  an a w l e  normalized with r emec t  t o  on. 

A dimensional drawing of t he  rocket-boosted model i s  shown i n  f igure  2. The 

Photographs of t he  model are presented i n  f igure  3, and a photograph 
reference areas and lengths and physical charac te r i s t ics  of t he  model are given 
i n  t a b l e  I. 
of t he  model and booster i n  launch posi t ion i s  shown i n  f igure  k .  

The model had planar symmetry i n  t h e  horizontal  and v e r t i c a l  planes, sharp 
The planform of t he  basic  body w a s  a leading edges, and a blunt t r a i l i n g  edge. 

78.870 sweptback clipped d e l t a  surface with streamwise t i p s ,  aspect r a t i o  of 0.73, 
and a taper  r a t i o  of 0.191. The wing-tip f i n s  were clipped d e l t a  surfaces swept 
back 70'. 
of the  model were not properly al ined i n  some instances because of tolerances of 
construction giving r i s e  t o  s l i g h t  aerodynamic asymmetries. A de ta i led  descrip- 
t i o n  i s  presented i n  t ab le  I and f igure  2 of t h e  physical and mass charac te r i s t ics  
of t h e  complete model and of each component. For all prac t i ca l  purposes, the  mass 
balance of t h e  model w a s  such t h a t  t he  pr inc ipa l  axes were coincident with t h e  
body axes of symmetry. 

The v e r t i c a l  t a i l  had a sweepback angle of 7 6 O .  The planar surfaces 



Instrument at ion  

The rocket-boosted model w a s  equipped with a 10-channel telemeter which con- 
t inuously transmitted information concerning longitudinal,  transverse, arid normal 

and t o t a l  and base pressures.  
with a g-unit range from 1 t o  -12 and one with a g-unit range from 1 t o  -2. There 
were a l so  two normal accelerometers, one mounted i n  the  nose sect ion of t h e  model, 
and t h e  other mounted i n  t h e  r ea r  of t h e  model. The base pressure data repre- 
sented an average over t he  semispan of t he  blunt t r a i l i n g  edge of t h e  model as 
obtained by a manifolded tube, as shown i n  figures 2 and 3 (b ) .  
t he  instruments with respect t o  the  center of gravi ty  are given i n  table 11. 

There were two longitudinal accelerometers, one 

The locations of 

The data accuracy of t he  10 instruments i n s t a l l e d  i n  the  rocket-propelled 
model w a s  approximately k5 percent of t h e  cal ibrated sca le  of each instrument. 
The e r ro r  i n  t h e  aerodynamic coeff ic ients  w a s  dependent on t h e  free-stream dynamic 

possible var ia t ions of +lo0 f e e t  per  second, and on density, which had possible 

Figure 4 i s  a photograph of t h e  rocket model and launch vehicle elevated on 
t h e  launcher p r i o r  t o  f i r i n g  at t h e  NASA Wallops Stat ion.  The three-stage launch 
vehicle consisted of an Honest John rocket with four  standard 12-square-foot 
trapezoidal f i n s  f o r  a ground-fired f i rs t  stage; a Nike M 5  rocket motor with four  
standard 5-square-foot trapezoidal f i n s  f o r  a delayed, ground-fired second stage; 
and a Nike with four  standard 5-square-foot 4' wedge f i n s  f o r  a ground in i t i a t ed ,  
t imer-fired t h i r d  stage.  

A s m a l l  pancake rocket motor w a s  i n s t a l l e d  i n  the  base of t h e  model behind 
t h e  blowout diaphragm (see f i g .  3 ( b ) )  and w a s  programed t o  separate the  model 
from the  burned-out third-s tage Nike. Pref l igh t  calculations of t he  r e l a t i v e  
decelerations of t h e  burned-out third-stage Nike and t h e  model, based on drag- 

prevent co l l i s ion  a f t e r  separation. I n  order t h a t  t h i s  requirement be sa t i s f i ed ,  
two 3.25-inch Mk 7 rocket motors were strapped i n  reverse t h r u s t  posi t ion t o  the  
forward end of t h e  third-stage Nike, as shown i n  f igure  4. The nozzles of t he  
two rocket motors were canted out 20° with respect t o  t h e  center l i n e  of t he  t h i r d  
stage and were plugged and sealed t o  protect  t h e  grain and i g n i t e r s  from aero- 
dynamic heating during the  boosted portion of t he  f l i g h t .  

Two pulse rockets with 27 pound-seconds of impulse (burning time 0.05 second) 
were located i n  the  nose section of t h e  model (see f i g .  2) and so oriented t h a t  
t he  direct ion of t h rus t  w a s  i n  t he  pos i t ive  and negative z-directions.  Approxi- 
mate calculations p r i o r  t o  t h e  f ree- f l igh t  t e s t  f o r  which two-degree-of-freedom 

indicated t h a t  t h e  m a x i m u m  disturbance i n  the  Ditch Dlane alone would be about 



Continuous f l ight-path data were obtained by tracking the  model with three  
radar se t s :  Atmospheric con- 
d i t ions  were obtained from a Rawinsonde balloon which w a s  released p r i o r  t o  launch 
Mach number and dynamic pressure were determined from the  t o t a l  pressure measure- 
ments of t he  model and t h e  ambient pressures and temperatures a t  corresponding 
a l t i t udes  along the  f l i g h t  path. 
s e t  used (m/ms-16) w a s  0.1 m i l  f o r  t h e  given angular measurement and 50 f e e t  
f o r  t he  given l i n e a r  measurement. 

an AN/FPS-16, an SCR-584, and an SCR-584 Model 11. 

The e r ro r  of t h e  most accurate tracking radar 

D a t a  a re  presented i n  t h i s  report  ranging from a Mach number of about 4.4 a t  
an a l t i t u d e  of about 34,000 f e e t  t o  a Mach number of 1.1 at an a l t i t ude  of about 
108,000 f e e t .  
ure  5. 
presented i n  f igures  6 and 7, respectively.  

The var ia t ion  of a l t i t u d e  with Mach number i s  presented i n  f ig-  
Variations of dynamic pressure and Reynolds number with Mach number a re  

P lo ts  of 10 channels of telemeter data, dynamic pressure, and Mach number 
f o r  th ree  t i m e  in te rva ls  of t he  f l i g h t  tes t  of t h e  model are presented i n  fig- 
ure  8. The points  were machine p lo t ted  from magnetic tape  records and show 
occasional s c a t t e r  points due t o  noise. Figure 9 presents an envelope of  t h e  
var ia t ion  of m a x i m u m  roll r a t e s  p lo t ted  against  Mach number f o r  t h e  f l i g h t .  

ANALY SI s 

Basic Data Reduction 

The measured f ree- f l igh t  l inear-acceleration data  were corrected t o  the  ten- 
t e r  of gravi ty  because l i n e a r  accelerometers which are not mounted on t h e  center 
of gravi ty  measure not only t h e  t rans la tory  accelerations but a l so  the  accelera- 
t i ons  due t o  angular ve loc i t ies  and angular accelerations.  The following 
relat ionships  were used t o  correct t h e  accelerometer readings t o  t h e  center of 
gravi ty  : 

r- 7 

and 

where t h e  distances x, y, and z from t h e  center of gravi ty  t o  t h e  individual 
accelerometer a re  given i n  t a b l e  11. The var ia t ions  of 6, G, and p were meas- 
ured d i r ec t ly  from the  angular accelerometers and the  roll gyro, respectively, 
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I and required no corrections.  The var ia t ions  of q and r were obtained by 
integrat ion of 4 and $ over several  cycles and by assuming. tha t  they varied 
symmetrically about zero values. The angular accelerat ion i n  r o l l  5 was 
obtained by d i f fe ren t ia t ing  p w i t h  time. 

The values of aL,Lo and %,n were used f o r  determining &L and %,cgy 
> cg 

respectively, throughout most of t he  f l i g h t .  The values of aL,HI were used only 
at the higher Mach numbers where the  deceleration w a s  g rea te r  than the  range of I 

, cg’ served only as a check f o r  % ~ aL,Lo; and %,t 

The t o t a l  force coeff ic ients  were determined f r o m  t he  instantaneous values 
of t h e  t rans la tory  accelerations (referenced t o  t h e  center of gravi ty)  as follows: 

and 

W CN = - qoos (4) 

The t o t a l  moment coeff ic ients  f o r  t h e  rocket model were computed from the instan- 
taneous values of angular acceleration and veloci ty  by using the  following 
expressions: 

and 

9 



Analog Simulation 

An analog simulation analysis similar t o  t h a t  of references 1 and 3 w a s  used 
t o  study ro l l i ng  ve loc i t ies  of t he  model near Mach numbers 4 and 2. There were 
three  reasons f o r  using t h e  analog computer f o r  motion simulation: 
aerodynamics were known t o  be nonlinear with angle of a t tack  or yaw; ( 2 )  t he  
l a t e r a l  and longitudinal aerodynamics were coupled by the  ro l l i ng  velocity; and, 
( 3 )  t he  vehicle motions were not symmetrical. 
drag force w a s  omitted since the  ve loc i ty  of the  model was  nearly constant through 
the  time in te rva ls  studied. The cross-product i n e r t i a  terms have been omitted 
from the  equations because the  pr inc ipa l  axes coincided with t h e  body axes. The 
equations of motion were wri t ten f o r  t he  body-axis system and a re  as follows: 

Normal force: 

(1) t h e  vehicle 

The equation associated with t h e  

Side force: 

Rolling moment: 

Pitching moment : 

Yawing moment : 

The body w a s  assumed r i g i d  and, the gravi ty  terms were omitted from t h e  equations. 
Certain aerodynamic terms, such as 

some s implif icat ion i n  t h e  last  term. 

The equations of motion f o r  f i v e  degrees of freedom were used at M = 4 and 
The s t a t i c  s t a b i l i t y  der ivat ives  from reference 5 were used i n  the  analog M = 2. 

study a t  M = 2 a f t e r  they were t ransfer red  from the  reference point of refer-  
ence 5 (66.6 percent of t h e  theo re t i ca l  body length behind the  theore t ica l  apex) 
t o  t he  center of gravi ty  of t he  vehicle. The damping-in-pitch coeff ic ients  



and 

t h e i r  values were lowered when they were found t o  be excessive f o r  an accurate 
simulation of t he  motions. 

Cq were i n i t i a l l y  calculated from l inear ized  theory ( r e f s .  6 and 7), but 

The damping-in-yaw coeff ic ients  Cn, and CnB were also calculated i n  a 

manner similar t o  t h a t  f o r  pitch,  with the  assumption t h a t  a l l  damping w a s  due t o  
w a s  estimated from ref -  t he  wing-tip f i n s  and v e r t i c a l  t a i l .  The value f o r  

erence 8, and values f o r  C z r  and C were estimated from l i f t i n g - l i n e  theory. 

Table I11 presents values f o r  a l l  t he  der ivat ives  used. 
because they were non- two slopes were used t o  approximate Cy p J  Cnpt and C 

l i n e a r  with p and/or a. (These slopes were obtained from wind-tunnel t e s t s  of 
r e f .  5 . )  The i n i t i a l  conditions for the  equations of motion were obtained a t  a 
given time i n  the  f ree- f l igh t  record. I n i t i a l  values of a and p were found 
by solving t h e  equations of motion. The i n i t i a l  conditions f o r  t he  analog inves- 
t iga t ions  made f o r  M = 4 and M = 2 are  given i n  t ab le  I V .  

% 
nP 

It should be noted tha t  

1 Pa 

on t h e  motions, a highly 
‘2 P a  Because of t h e  large predominating e f fec t  of 

simplified motion study w a s  made with the  use of t h e  following three-degree-of- 
freedom equations of motion: 

ci = -pp (15) 

= ap  

C l  p = -  
I X  

An ana ly t ica l  solution f o r  t h i s  simplified s e t  of equations i s  included i n  the 
appendix. 

RESULTS AND DISCUSSION 

Basic Data 

One of t he  purposes of the  f l i g h t  t es t  presented i n  t h i s  paper w a s  t o  deter-  
mine i f  t he  roll rates and accelerations of t h e  basic  vehicle could be decreased 
by the  addition of two wing-tip f i n s .  
l a t e r a l  s t a b i l i t y  data  f o r  t he  model of reference 1 ( the  basic  model) at Mach num- 
bers of 1 .41  and 2.01 and f o r  t h e  model of t h i s  report  at a Mach number of 2.01. 
The Reynolds numbers of these wind-tunnel t e s t s  a r e  given i n  f igure  7. A s  shown 
i n  reference 5 ,  t he  vehicle with wing-tip f i n s  w a s  s t a t i c a l l y  s tab le  a t  a Mach 
number of 2.01. A s  a r e su l t  of adding wing-tip f i n s  t o  the  bas ic  configuration, 
wind-tunnel data  ( ref .  4) a t  M = 2.01 and a = bo show t h a t  Cn w a s  increased 

from 0.0005 t o  0.0022 per  degree, 

Reference 5 presents longi tudinal  and 

P 
w a s  decreased from -0.0012 t o  -0.0014, ‘’Pa 
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w a s  decreased from -0.0020 t o  -0.0043, and Cm w a s  decreased from 0.0025 QP 
t o  -0.0010, a l l  of which were referenced t o  t h e  66.6 percent longi tudinal  s t a t ion  
behind the  theore t ica l  apex and/or t he  wing mean aerodynamic chord. 
t h e  d i rec t iona l  and longitudinal s t a b i l i t y  w a s  increased, a comparison of t h e  
ro l l - r a t e  h i s to r i e s  f o r  t he  present t e s t  and those of reference 1 shows similar 
types of o sc i l l a t ions  f o r  both models. 
addition of t he  wing-tip f i n s  d id  not r e s u l t  i n  a decrease i n  

Even though 

The reason f o r  t h i s  result i s  t h a t  t he  

c%i 

Figure 8(a) shows t h e  t i m e  i n t e rva l  from 23.5 t o  24.5 seconds, w h i c h  begins 
j u s t  a f t e r  model separation (23.48 seconds) and includes t h e  period during which 
the  first pulse-rocket ign i t ion  occurred (23.52 seconds). This f igure  indicates  
that  t h e  model experienced osc i l l a t ions  of la rge  amplitude, due t o  the  pulse 
rocket, which were coupled i n  p i tch  and yaw. The roll rate osc i l l a t ed  about zero 
through la rge  amplitudes during and immediately a f t e r  pulse-rocket ign i t ion  and 
then s t ead i ly  increased t o  a la rge  pos i t ive  amplitude of approximately 33 radians 
per  second. The second pulse rocket was  igni ted at  27.01 seconds. Figure 8(b)  
presents data from 28.5 t o  29.5 seconds and shows the  sinusoidal o sc i l l a t ion  of 
t h e  model i n  r o l l ,  pitch,  and yaw. 
39.6 seconds f o r  M = 2 after ign i t ion  of t h e  second pulse rocket. I n  general, 
t h e  motions of t h e  model were coupled, and t h e  r o l l  rate over some in t e rva l s  was 
unsteady and varied randomly from pos i t ive  roll osc i l l a t ions  through roll 
reversals .  

Figure 8 ( c )  presents data from 38.6 t o  

Vehicle o s c i l l a t i o n  about the s t a b i l i t y  boundary w a s  considered as a pos- 
s i b l e  cause of t h e  coupled motions. 
it i s  possible t o  superimpose a region of roll divergence f o r  steady roll rates 
on the  curve of f igure  9. The f igure  indicates  t h a t  from M = 4.2 t o  M = 3.7 
t h e  roll rates are  not i n  t h e  regions of divergence; however, at lower Mach num- 
bers t he  r o l l  r a t e s  cross back and f o r t h  over the boundaries of divergence. It 
should be noted tha t  the  moments a re  coupled p r i o r  t o  encountering the  regions of 
divergence, which indicates  t h a t  t he  cause of t h e  coupling i s  purely aerodynamic. 
It should also be noted that  t he  boundaries were derived f o r  constant roll rates 
and l i n e a r  equations of motion, which do not account f o r  t h e  second-order e f f ec t s  
such as tha t  of C 2  and, consequently, t he  boundaries may not be applicable f o r  Pa’ 
t h i s  f l i g h t  condition. 

By using t h e  methods of references 4 and 9, 

The var ia t ion of the t o t a l  force  and moment coeff ic ients  with t i m e  i s  pre- 
sented i n  f igures  10 t o  13 f o r  four  t i m e  increments. The time increments were 
picked t o  show var ia t ion  i n  aerodynamics (1) a f t e r  model separation and during 
first pulse-rocket ign i t ion  at M = 4.1; (2 )  after first pulse-rocket disturbance 
a t  M = 3.9; ( 3 )  after second pulse-rocket disturbance at M = 3.1; and (4)  a f t e r  
second pulse-rocket disturbance a t  Pa r t s  (a )  and ( b )  of these f igures  
a re  the  longitudinal coefficients,  t o t a l  normal force  and t o t a l  pitching moment, 
respectively.  
and t o t a l  yawing moment, respectively; pa r t s  ( c )  and (g )  are t o t a l  a x i a l  force and 
t o t a l  rolling-moment coefficients,  respectively.  
t o  13 a re  var ia t ions of t o t a l  pitching moment p lo t ted  against  t o t a l  normal-force 
coeff ic ient  and of t o t a l  yawing moment p lo t ted  against  t o t a l  side-force coeffi-  

M = 2.1. 

Pa r t s  ( e )  and ( f )  a re  the  d i rec t iona l  coefficients,  t o t a l  s ide force 

Par t s  (d)  and (h)  of f igures  10 



The result of reducing the normal force or flare-restoring force is indicated 
in the nonlinear Cm and x curves 0-A-B'-G' of figures l3(b) and (c). These 
curves indicate that the vehicle is statically unstable up to an angle of attack 
of 2O and stable for larger angles of attack. 
0-A-B'-G' indicates that the x moves from that of the nose cone rearward to 

approximately 2 feet aft of the center of gravity at 
stream flow is fully attached to the flare. Although the flight measurements and 
simulations presented for vehicle 1 are the angular motions in the pitch plane 
only, motions in the yaw plane are essentially similar except for a 90' phase lag. 

A thrust misalinement of 0.1' in the XZ-plane did not alter the nature of the 

CP 

The center-of-pressure curve 

CP 
q = 5' where the free- 

simulation pattern. This was primarily due to the spin of the vehicle. Jet- 
damping effects were small, as can be seen from the small attenuation (about lo) 
of the low-frequency mode or motion envelope of the flight and from simulated 
data of figures l5(a) and (b). 

Vehicle 2 - Thrusting 

Vehicle 2 was instrumented to provide angle-of-incidence measurements in 
both pitch and yaw planes. 
simulation run. These simulated runs were obtained from the same 0-A-B'-G' curves 
(fig. 13) as were used for vehicle 1. 
longer cylindrical center body (4.2 in. longer), but the change in overall 
fineness ratio was estimated to have a negligible effect on the aerodynamic 
characteristics. 

These data are compared in figure 16 with the best 

It should be noted that vehicle 2 had a 

The overall amplitudes and frequencies of the flight and simulated body 
motions are in good agreement. For the cases shown in figures 16(b) and (d), 
jet-pluming termination was assumed shortly after motor tail-off started (approxi- 
mately 57.3 sec). Again, pj/p, is decreasing very rapidly to zero. 

maximum angle of attack of about 15O. The vehicle motion damped to about an 
angle of attack of 6O at burnout. Since aerodynamic damping was negligible, it 
appears that jet damping and flare-restoring moment reduced the amplitude of 
oscillation to half in about 1.5 seconds in both flight and simulated histories. 
From the simulation analysis, it appears that about 75 percent of the attenuation 
is due to jet damping. 

Data for vehicle 2 indicate a large initial disturbance which resulted in a 

The small differences between the flight and simulated data may be due to 
possible errors in the l o w  flight dynamic-pressure measurements, errors due to 
thrust (since the nominal thrust curve was used instead of the actual flight 
thrusts), small errors in the rolling velocity, and errors in inertia. A study 
of the equations of motion used in the simulation analysis indicates that the 
aforementioned effects on the motions would be small compared with the nonlinear 
aerodynamic inputs employed in this study. 

Cross plots of a and p are compared in figure 17. This comparison gives 
a more realistic picture of the agreement between the best simulated motions and 
the flight data. It appears that use of the nonlinear aerodynamic curves 0-A-B'-G' 

' - ., . .... .,,. ., . -. , .. ... ...... . . . . . .. ._ . . .. - _ .. .. . . .__.. ..... _- ... . - _.- -... 



(fig. 13)  provides a close simulation of the epicycloid motions of the flight as 
well as the resultant angle of attack. The inside loops indicate that the model 
was rolling above aerodynamic resonance (see ref. 12). 

Vehicle 2 - Coast 
The curves in figure 18 show good agreement between the flight and digital 

computer motions, and fair agreement with the computed motions made by using the 
linearized theory solutions of reference 12. Both simulations shown are based on 
the same initial conditions at the beginning of the coast-flight phase (see 
table 11). It should be noted that the machine-computed motor-burnout conditions 
differed slightly from those of the flight measurements, and that a new set of 
initial conditions was computed for use in the coast simulations based on the 
flight measurements. The linearized solution consists of two rotating vectors of 
equal amplitudes - one rotating at the nutational frequency and the other at the 
precessional frequency. U s i n g  average values of normal-force slope and pitching- 
moment slope between Oo and 5' angle of attack, the linear theory gives a rapid 
description of the motions for approximately constant velocity and dynamic pres- 
sure. In figure 18 only the linearized theory solution for the a-plane has been 
presented. As stated previously, the motion in the j.3-plane is essentially the 
same as a except for a phase lag of goo. 

CONCLUDING REMARKS 

The effect of jet pluming on the aerodynamics of two RAM A vehicles has been 
analyzed by comparing the aerodynamic coefficients required (in a six-degree-of- 
freedom computer program) to simulate the angular flight motions measured both 
with and without jet-pluming interference. Nonlinear aerodynamics, based on 
Newtonian theory and wind-tunnel data, were employed for the analysis. The fol- 
lowing observations were made: 

The frequencies and amplitudes of the measured angular motions during jet- 
pluming flight were simulated by using the estimated nonlinear aerodynamic forces 
and moments along with nominal rocket-motor characteristics. 

From the analysis it is evident that boundary-layer separation induced by 
jet-pluming interference caused a marked reduction in flare effectiveness which 
resulted in a significant loss of normal force and stability at low angles of 
attack as compared with jet-off conditions. The vehicles were unstable between 
approximately 0' and 2O angle Of attack. 
from 2 O  to 5' the flare became progressively more effective and it appeared that 
full-flare effectiveness was realized at 5' and larger angles of attack. 
interference increased the trim angle of attack from 0' to about 3.5'. 
moment slopes corresponding to these trim angles were -0.33 and -0.66, 
respectively . 

As the angle of attack was increased 

The 
Pitching- 
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During coasting flight where the aerodynamics were only slightly nonlinear, 
the observed jet-off motions of the vehicle were simulated as before by using the 
six-degree-of-freedom digital-computer program. In addition, linearized theory 
solutions of the equations of motion were found to give a rapid description of 
the measured vehicle motions during coast. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., August 2, 1963. 
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TABLE I.- MASS CHARACTERISTICS 

w, 
lb 

t, 
sec 

IY7 

slug- ft2 

55 91 
56.50 
57-00 
57.50 
57.60 
57.70 
57.90 
58.30 

55 - 73 
56 50 
57-10 
57-30 
57-50 
57.90 
58.30 

Vehicle 1 

472.0 
375.0 
298.0 
230. o 
219.0 
213.0 
208.0 
204.0 

135.0 
121.0 
ill. 0 
104.0 
i03.0 
102.0 
100.0 
97.0 

1x7 
slug- ft2 

1.43 
1.27 
1.16 
1.06 
1.04 
1.02 
.98 - 93 

Vehicle 2 

482.0 160.0 

256.0 135.0 
224.0 133 0 
221.0 130.0 

215.0 125.5 

355 - 0 145.0 

219.0 127.5 
.82 
-75 



TABLB 11.- INITIAL CONDITIONS FOR EQUATIONS OF MOTION 

. .- .......... 

__ _ _  ........ 

t, .......... 
p, rad/sec . . . . .  
q, rad/sec . . . . .  .. rad/sec . . . . .  
v,, ft/sec . . . . .  
h, ft . . . . . . .  
a. deg . . . . . . .  
p. deg . . . . . . .  
c%. rad/sec . . . . .  
p. rad/sec . . . . .  
$. deg . . . . . . .  
8. deg . . . . . . .  
$. deg . . . . . . .  
Thrust misalinement 
in XZ.plane. deg . 

- .. 

. .  . .  . .  . .  . .  

. .  . .  . .  . .  . .  . .  . .  . .  

. .  

........... 

Vehicle 1 

. t- Thrust 

55 91 
-28.4 
0.17 
-0.20 
11, 500 
151, ooo 

-1 
1 

0.66 
-0.28 

0 
48.4 

0 

0.1 
- . 1 .. 

Vehicle 2 

mrust I Coast 
_- .... 

___- ......... 

55.79 
-24.64 

1.1 
-0.91 
11, 500 

58.3 
-28.03 

0.05 
0 

17. 600 
131. 000 1 154. 000 

2 0 
2 

1.96 
-1.77 

0 
41.0 

0 

5.5 
2.73 

0 
0 

43.0 
0 

0.1 I 0 
. . . .  L.-- 
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9 .oo XY-Plane 

Pressure orifice (4) \ 

16.50 

-+- XY-Plane A 

c 39.80 * 
Loaded c.g; - 81.55 (from nose) 
Burned out c.g. - 79.21 J. /- 

XL-Plane 

Section A-A 

I 

(a) General vehicle dimensions. 

Figure 1.- Dimensional characteristics of the flight-test vehicles. A l l  dimensions are in inches. 
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Side view 

(b) General nose dimensions of v e h i c l e  2. 

F igure  1.- Concluded. 
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L-61-6238 
Figure 2.- Photograph of vehicle 1 (RAM Al) and booster system in launch position. 
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Figure 3.- Variation of altitude with horizontal range. 
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(a) RAM AI.. 

Figure 4.- Variation of velocity, altitude, and speed of sound with time. 
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(b) RAM A2. 

Figure 4. - Concluded. 
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lSt Stage burnout 38.63 
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49.06 3 Znd Stage burnout 
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Figure 5.- Variation of free-stream dynamic pressure with time. 
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Figure  6.- Var i a t ion  of f ree-s t ream Reynolds number w i t h  t ime. 
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Figure 7.- Variation of rolling velocity with time. 
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(a) Velocity, altitude, and speed of sound. 

Figure 8.- Vehicle flight parameters throughout simulation region. 
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(b) Dynamic pressure. 
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( c )  Reynolds number. 
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(d) Rolling velocity. 

Figure 8. - Concluded. 
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Figure 9.- Body-axis system. 



0 a = O  

a = -5.O 

(a) Schlieren photographs. ' L-63-4733 

Figure 10.- Schlieren photographs and schematic representation of the effect of jet pluming and 
angle of attack on vehicle boundary layer at M = 6.8 and p p, = 200. J/ 
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(b) Schematic representation of the flow-field nomenclature. 

Figure 10.- Concluded. 
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t, sec 

Figure 11.- Variation of fourth-stage jet-exit-to-free-stream-static-pressure ratio with time, based on nominal vacuum 
rocket-motor performance. 
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Figure 12.- Variation of nominal vacuum rocket-motor thrust with time for the flight vehicles. 
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(a) Resultant normal-force coefficient. 

(b) Pitching-moment coefficient. 
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(e) Center of pressure. 

Figure 13.- Variations of normal force, center of pressure, and pitching moments with angle of 
attack employed for simulation analysis. 
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Figure 14.- Variation of measured differential pressures with time. 
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(a) Flight data. 
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t, 5ec 

(b) Digital computer, CR curve 0-A-B'-G' (fig. 13) .  

(e) Digital 

t, SeC 

computer, CR curve 0-C-D'-G' (fig. 13).  

t. 5ec 

57.5 58.0 58.5 

(d) Digital computer, CR curve 0-E-F'-G' (fig. 13). 

t. SeC 

(e) Digital computer, CR curve 0'-G' (fig. 13). 

Figure 15.- Comparison of flight and computed incidence angles during the thrusting period for 
vehicle 1. 
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H = 4.10, 
,r+ i 4.21 

?I", SLE 

( a )  To ta l  normal-force coef f ic ien t .  

8 
Time, sec 

(b)  Tota l  pitching-moment coef f ic ien t .  

( c )  Tota l  axial-force coef f ic ien t .  Pulse-rocket i gn i t i on  occurred at 23.52 seconds. 

-.20 -.I5 -.I0 -.05 0 .05 .10 .I5 .M 

CN 

( a )  Variation of C, with CN. 

Figure 10.- Time h i s t o r i e s  of t o t a l  force  and moment coe f f i c i en t s  along with cross p l o t s  of p i t ch  
and yaw coef f ic ien ts .  M = 4.1. 



( e )  T o t a l  side-force coef f ic ien t .  

(f ) Total  yawing-moment coef f ic ien t .  

( g )  Total  rolling-moment coeff ic ient  

cu 

(h )  Variation of Cn with Cy. 

Figure 10.- Concluded. 
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Time. i e c  

( a )  Total nomd-force,coefficient.  

T h e ,  3eL 

( b )  Total pitching-moment coefficient.  

25.00 zj.o’i 25.08 2s.12 75.16 25.20 25.A 25.28 25.32 25.36 21.111 2 5 . 4  

Ti ,e, *eC 

( c )  Total ax id- force  coefficient.  

(d)  Variation of Cm with CN. 

Figure 11.- Time h is tor ies  of t o t a l  force and moment coefficients along with cross p lo ts  of pitch 
and yaw coefficient.  M EJ 3.9. 
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(b) Digital computer. (Curve 0 ' - G ' ,  fig. 1 3 . )  
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(c) Linearized theory (ref. 10). 

Figure 18.- Comparison of flight and computed incidence angles during vehicle 2 coast. 
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( e )  Digital  computer. (Curve 0'-G' f ig .  15.) 

Figure 18. - Concluded. 
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